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ABSTRACT 

A system has been developed that can 
generate recombinant baculovirus expres- 
sion vectors at frequencies approaching 
100%, This system provides a selection for 
recombinant viruses by using the essential 
gene downstream of the Autographa 
californica nuclear polyhedrosis virus 
(AcMNPV) polyhedrin expression locus. 
Two AcMNPV derivatives were con- 
structed in which the expression locus and 
part of the downstream gene are flanked 
by restriction sites. The parental viruses 
are viable; however, restriction of the vi- 
ral DNAs removes an essential piece of 
the viral genome. Transfer vectors carry a 
copy of the missing sequences downstream 
from the site into which foreign genes are 
inserted for expression; hence, recombina- 
tion between a transfer vector and the re- 
stricted viral DNA can restore the integrity 
of the essential gene. Such recombination 
events also transfer any foreign gene pre- 
sent in the expression locus of the transfer 
vector to the viral genome. Recombinant 
viruses therefore have a selective advan- 
tage over nonrecombinant viral DNAs. 
Consequently, a high proportion of the vi- 
ruses obtained by co-transfecting transfer 
vector DNA and restricted viral DNA of 
one of these new viruses expresses the tar- 
get gene from the transfer vector. This sys- 
tem greatly reduces the time needed to 
make recombinant baculovirus expression 
vectors. 



INTRODUCTION 

Baculovirus expression systems use 
viral promoters to drive the expression 
of foreign genes in insect cells infected 
with a recombinant baculovirus 
(3,7-10). These systems frequently 
produce high yields of proteins due to 
the strength of the viral promoters. 
Moreover, insect cells carry out most 
of the post-translational processing 
events that occur in mammalian cells 
so that eukaryotic proteins produced by 
a baculovirus expression system are 
usually similar to the authentic protein 
in their biological activity, structure 
and antigenicity. This combination of 
features has contributed to the increas- 
ing popularity of baculovirus expres- 
sion systems. 

In the past, one of the disadvantages 
of these systems was the work involved 
in isolating a recombinant baculovirus 
expression vector. The viral genome is 
too large (130 kb) to manipulate di- 
rectly, consequently, the standard 
method for producing virus expression 
vectors has been to co-transfect insect 
cells with viral DNA and DNA of a 
transfer vector modified to incorporate 
the foreign gene. Recombination in 
vivo can replace a segment of the viral 
DNA by the modified sequence from 
the transfer vector. Recombinant vi- 
ruses are produced but at a low fre- 
quency (0.1%-1%). Screening to iden- 
tify a recombinant virus and separating 
it from parental virus can therefore in- 
volve considerable time and effort 
Several modifications of this procedure 
that facilitate the identification of re- 
combinant viruses by placing a reporter 
cassette adjacent to the gene to be ex- 
pressed (19,21,24,25) or that increase 
the proportion of the viruses that are re- 



combinant (4,12) have been described. 
Recendy, systems have also been devel- 
oped for generating recombinant bacu- 
loviruses in yeast (1 1) or in vitro (13). 

Although these advances represent 
significant improvements over tradi- 
tional procedures, the utility of the 
baculovirus expression system would 
be improved further by a more efficient 
method for producing recombinant 
baculovirus vectors. Our objective was 
to develop a system that would select 
for the desired recombinants so that 
most of the viruses released from co- 
transfected cells would express the tar- 
get gene. 

MATERIALS AND METHODS 

Viruses and Cells 

Autographa californica nuclear 
polyhedrosis virus (AcMNPV) C6 (16) 
and its derivatives, AcRP23-/acZ (15), 
AcRP6-SC (4) and BacPAKS and 
BacPAK6, were propagated in Spodop- 
terafrugiperda cells (IPLB-SF21) (18) 
at 28°C using TC-100 insect medium 
(GffiCO BRL/Life Technologies, Gai- 
thersburg, MD) supplemented with 5% 
or 10% fetal calf serum (FCS). Proce- 
dures for growing AcMNPV deriva- 
tives, determining viral titer and ana- 
lyzing infected cell DNA followed 
standard methods (3). 

Construction of Viruses with Bsu3€l 
Sites in ORF603 and ORF1629 

Two oligonucleotides, dTGTTAAT 
TTTGCTGAGGAGA and dACCCTA 
AGGATTATAAA (nucleotides differ- 
ing from the wild-type sequence are 
underlined), were designed to intro- 
duce Bsu36l sites (CCTNAGG) into 
ORF603 and ORF1629 of AcMNPV. 
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Single-stranded DNA of the transfer 
vector pAcCL29 (6) was mutagenized 
with these two oligonucleotides using 
the method of Kunkel et al. (5). Mu- 
tagenized pAcCL29 plasmids were 
screened for the presence of Bsu36l 
sites. Sequencing of one plasmid, 
pAcCL29#25, confirmed that Bsu36l 
sites had been acquired by the expected 
sequence changes in ORF603 and 
ORF1629. 

A transfer vector with unique sites 
for Mlul and HindUl was made by 
trimming pAcCL29. First, sequences 
between the Accl site at 6272 in the 
EcoRI-l AcMNPV DNA [all sequence 
coordinates are relative to the G of the 
EcoRl site at the left-hand end of the 
EcoKL-I fragment of AcMNPV as base 
#1 (16)] and the Narl site in the 
pUC118 (20) segment of the vector 
were deleted. A second deletion was 
made between the Hpal site at 2844 in 
the AcMNPV EcoRl-l sequences and 
the remaining PvwII site in the pUCl 18 
portion of the vector, resulting in 
pPAKl. The 1.1-kb Mlul-Hin<Wl frag- 
ment of unmutagenized pPAKl was re- 
placed by the corresponding fragment 
from pAcCL29#25 carrying the two 
novel Bsu36l sites to make pPAK2. 
The small EcoKV-SnaBI fragment of 
pPAK2 was replaced by the correspon- 
ding fragment from pAcEI-I (14) car- 
rying the wild-type polyhedrin promo- 
ter and polyhedrin coding sequences. 
The resulting plasmid, pPAK5, has 
Bsu36l sites in ORF603 and ORF1629 
flanking the polyhedrin gene. pPAK6, 
in which Bsu36l sites flank a (J-galac- 
tosidase gene, was constructed by in- 
serting the 3.74-kb BglR-BamHl lacZ 
fragment from pCUnO-BgHI (15) into 
the unique BarriHl site of pPAK2 in the 
orientation that would express (i-galac- 
tosidase from the polyhedrin pro- 
moter. 

The reporter genes and modified 
QRF603 and ORF1629 sequences were 
transferred from pPAK5 and pPAK6 to 
AcMNPV by co-transfecting the plas- 
mid DNAs with linearized AcRP6-SC 
viral DNA (4). Recombinant viruses 
were identified by screening viral 
plaques for the presence of polyhedra 
(pPAKS) or a blue color when X-gal 
was present (pPAK6). Several recom- 
binant plaques were purified, amplified 
and viral DNAs were extracted. By 



screening the viral DNAs for the 
presence of Bsu36l sites, a polyhedrin- 
positive pPAK5 recombinant and a 
(J-galactosidase-positive pPAK6 re- 
combinant that had Bsu36l sites in both 
ORF603 and ORF1629 were identi- 
fied. These were designated BacPAKS 
and BacPAK6, respectively. Addi- 
tional restriction digests of BacPAKS 
and BacPAK6 confirmed that they had 
the expected structure around the poly- 
hedrin locus (Figure 2, and data not 
shown). 

Restriction of Viral DNA 

Viral DNA was extracted from bud- 
ded virus, purified by banding on ce- 
sium chloride gradients and dialyzed 
against TE (10 mM Tris-HCl, pH 8.0, 1 
mM EDTA) (3). One microgram of vi- 
ral DNA in 50 \il of 50 mM Tris-HCl, 
pH 7.9, 100. mM NaCl, 10 mM MgCl 2 , 
1 mM dithiothreitol, 100 |ig/ml acety- 
lated bovine serum albumin was incu- 
bated with 5 units of Bsu36l (New Eng- 
land Biolabs, Beverly, MA) for 2 h at 
37°C. After inactivating the enzyme at 
70°C for 15 min, the digest was stored 
at 4°C Aliquots of the digested and un- 
digested viral DNAs were run on a 
0.5% agarose minigel to check that the 
digest was complete (4). 

Co-Transfection of Viral and 
Transfer Vector DNAs 

Thirty-five-millimeter dishes were 
seeded with 1-1.5 x 10 6 Sf21 cells and 
incubated at 28°C for 2 to 24 h to allow 
the cells to attach. One hundred 
nanograms of 2fau36I-digested viral 
DNA (5 ^1), 500 ng of transfer vector 
DNA in TE and sterile water to make a 
total volume of 50 ^ were mixed in a 
polystyrene tube. Fifty microliters of 
100 Jig/ml Lipofectin™ (GEBCO 
BRL/Life Technologies) were gently 
mixed with the DNA solution, and the 
mixture was incubated at room tem- 
perature for 15-30 min. Meanwhile, 
the medium was removed from the cell 
monolayers, and the cells were washed 
twice with 2 ml serum-free TO 100 in- 
sect medium containing 50 units of 
penicillin and 50 |ig streptomycin per 
ml. Serum-free TC-100 (1.5 ml) con- 
taining antibiotics was added to each 
dish. The Lipofectin-DNA complexes 
were added dropwise to the medium 
covering the cells while the dish was 



gendy swirled. After incubating at 
28°C for 5-16 h, 1.5 ml TC-100/10% 
FCS/antibiotics were added to each 
dish and the incubation at 28°C contin- 
ued. Sixty hours after adding the 
Lipofectin-DNA complexes to the 
cells, the medium containing viruses 
released by the transfected cells was 
transferred to a sterile container and 
stored at 4°C. 

Recombination Assays 

A standard plaque assay procedure 
(3) was used to obtain viral plaques 
from dilutions of the media harvested 
from the co-transfections. Plaques 
were stained by adding 100 yd 0.08% 
neutral red, 0.2% X-gal in phosphate- 
buffered saline (PBS) (140 mM NaCl, 
27 mM KC1, 8 mM Na 2 HP0 4 , 1.5 mM 
KH2PO4, pH 7.3) to the medium in 
each dish and incubating at 28°C for 5- 
8 h. The stain was removed, the dishes 
inverted and left at room temperature 
for 16 h. Individual plaques were ex- 
amined under a microscope and scored 
for the presence or absence of polyhe- 
dra and blue or white color. 

RESULTS 

Design of Viruses That Allow 
Selection for Recombinants 

The finding that linearized 
AcMNPV DNA retained the ability to 
recombine with homologous viral se- 
quences in transfer vectors (4), sug- 
gested a scheme that would permit a 
selection for recombinant viruses. The 
principle is to place a gene, or part of a 
gene, which is essential for viral repli- 
cation between two restriction sites that 
do not occur elsewhere in the viral 
DNA. Restriction of the viral DNA 
would release a small fragment carry- 
ing essential sequences (Figure 1). If 
the large fragment, carrying most of the 
viral genome, recombines with a trans- 
fer vector carrying an intact copy of the 
essential gene, the resulting circular 
viral DNA would contain all the genes 
necessary for viral replication and 
would give rise to viable virus particles 
(Figure 1). The same recombination 
events that restore the integrity of the 
essential gene would transfer the target 
gene from the transfer vector to the vi- 
ral genome (Figure 1). If the large viral 
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fragment were to recircularize by itself, 
die resulting viral DNA would lack an 
essential part of the genome and would 
not give rise to viable viruses. Recom- 
binant virus expression vectors would 
thus have a selective advantage over 
nonrecombinant viral DNAs. 

In the AcMNPV genome, the open 
reading frame downstream from poly- 
hedrin, ORF1629, appears to be essen- 
tial. Insertions into the SnaBl site in the 
C-terminus of this gene produce vi- 
ruses that can only replicate in the pres- 
ence of a helper virus (16). All 
AcMNPV transfer vectors based on the 
polyhedrin locus contain the C-termi- 
nus of ORF1629; therefore, this gene 
provides a convenient essential gene 
for use in the scheme outlined above. 
Scanning the sequence of ORF1629 
(16) revealed several locations at 
which a site for Bsm36I, an endonu- 
clease that does not cut wild-type 
AcMNPV DNA (4), could be intro- 
duced by changing one or two nucleo- 
tides. The essential nature of ORF1629 
dictated that the necessary changes 
should not alter the amino acid se- 
quence of the ORF1629 protein. It was 
also desirable that the length of the re- 
gion in which recombination could oc- 
cur should be maximized and that the 
ends created by Bsu36l cleavage 
should match the wild-type ORF1629 
sequences perfectly so that recombina- 
tion with the transfer vector would not 
be blocked. Changing the T at position 
#5564 in the EcoKL-l sequence (16) to 
a C would create a Bsu36l site satisfy- 
ing these criteria. Similar analysis of 
the sequences 5' to the polyhedrin pro- 
moter identified a Bsu36l site that 
could be created within ORF603 by 
changing the TA at positions #4163 
and #4164 to GG. ORF603 is not es- 
sential for virus growth in cell culture 
(1), hence the replacement of a tyrosine 
residue in the putative ORF603 protein 
by a proline as a result of these changes 
should be of no consequence. Cleavage 
at the Bsu36l site would also create an 
end that is perfectly homologous to the 
wild-type ORF603 sequence. 

Construction of Viruses Having an 
Essential Segment Flanked by 
Bsu36l Sites 

AcMNPV derivatives designed to 
use ORF1629 as a positive selection 
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were constructed by placing one site 
for Bsu36l within the C-terminus of 
ORF1629 and another site within 
ORF603 on the opposite side of the 
polyhedrin locus. Oligonucleotide mu- 
tagenesis (5) of the transfer vector 
pAcCL29 (6) was used to create 
Bsu36l sites in ORF603 and ORF1629 
at the locations specified. The region 
spanning the mutations was sequenced 
and then recloned into an unmuta- 
genized transfer vector (pPAKl) to 
generate pPAK2. To allow plaques of 
the new viruses to be recognized by a 
simple visual screen, the gene for poly- 
hedrin or (J-galactosidase was inserted 
downstream of the polyhedrin pro- 
moter in pPAK2 to make pPAK5 and 
pPAK6, respectively. 

Viruses that had incorporated the 
marker gene and the two flanking 
Bsu36l- sites from pPAK5 or pPAK6 
were isolated from the products of re- 
combination between the transfer vec- 
tor and linearized AcRP6-SC viral 
DNA. The structure of these AcMNPV 



derivatives, designated BacPAKS and 
BacPAK6, is shown in Figure 2A. Re- 
striction of the viral DNA from 
BacPAKS with Bsu36l yields a large 
fragment carrying most of the viral 
genome (127 kb) and a 1.4-kb fragment 
(Figure 2B). Digestion of BacPAK6 vi- 
ral DNA yields the same large frag- 
ment and two small fragments, 1.1 kb 
and 3.3 kb, due to the additional 
Bsu36l site within the lacZ gene (Fig- 
ure 2B). Digestion of BacPAKS and 
BacPAK6 viral DNAs with Bgta in ad- 
dition to Bsu36l mapped the Bsu36l 
sites to the expected locations in the 
viral genome (data not shown). 

BacPAK5 and BacPAK6 gave nor- 
mal yields of virus particles when 
propagated in tissue culture (data not 
shown) indicating that the base 
changes in ORF603 and ORF1629 had 
no deleterious effect on virus replica- 
tion or infectivity. The polyhedra posi- 
tive or [}-galactosidase positive pheno- 
type of these viruses was stable for at 
least 6 passages in cell culture. 
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Tab le 1. Recombination Between Restricte d Viral DNAs and Transfer Vector 

Plaque Phenotype of Progeny Viruses 




Recombinant as % 
of Non-Parental 



pAcEI-l 
pAcRP23-/acZ 

Bacpwe pAcEl I a<tlflfi i. AeRP23-/acZ DNA has a unique Ssu36l site, BacPAK5 

Circular DNA extracted from virus partcles ^^^f*^; ^oOnqdvtadDNA were transfected into S. frugiperda 
has two SSU36I sites and BacPAK6 has three Bsu36l sites (Figure 2*). J 100 n 9^™ ^ transfected cells were 

cells with 500 ng of transfer vector DNA us.ng bpofectm. Piques * ^^Ltar is f>galactosidase, de- 
scored for viral and transfer vector markers. Fo r the v, J^S^ *S3by ^presence of poly- 

SSSi Resute are presented as the median of 6 or 9 independent transfers. 



Recombination Between Restricted 
BacPAKS and BacPAK6 Viral 
DNAs and Transfer Vectors 

The utility of BacPAKS and 
BacPAK6 for the generation of recom- 
binant viral expression vectors was 
compared with a virus, AcRP23-/acZ, 



which contains a single Bsu36l site and 
is used in the linear viral DNA method 
of making recombinant viruses (4). Re- 
combination was assayed by transfect- 
ing 5. frugiperda cells with DNA of a 
plasmid transfer vector and viral DNA 
digested with Bsu36l. The transfer vec- 
tor carried a marker that could be de- 



tected by visual screening of viral 
plaques and distinguished from the 
marker carried by the viral DNA. If the 
viral DNA carried the polyhedrin gene 
(BacPAKS), a transfer vector carrying 
the lacZ gene was used. Conversely, if 
the viral DNA carried lacZ (AcRP23- 
lacZ or BacPAK6), a transfer vector 
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carrying the polyhedrin gene was used. 
Viruses released from the co-trans- 
fected cells were plated out and scored 
for the presence of the viral and trans- 
fer vector markers. Four different 
plaque phenotypes can be distin- 
guished: (i) parental plaques express- 
ing the marker from the viral DNA but 
not the transfer vector marker, (ii) re- 
combinant plaques expressing the 
marker from the transfer vector instead 
of the viral marker, (iii) plaques ex- 
pressing both markers— these could be 
due to a virus that incorporated the 
transfer vector marker without losing 
the viral marker gene or due to coinfec- 
tion with a parental and recombinant 
virus, and (iv) plaques that express nei- 
ther the viral nor the transfer vector 
markers. 

In most procedures for isolating a 
recombinant AcMNPV expression 
vector, plaques that express the marker 
gene from the parental viral DNA can 
be identified by a simple visual screen 
and rejected. The best measure of the 
utility of the new viruses is therefore 
the fraction of non-parental virus 
plaques that are recombinant. Using 
this measure, the benefit of the two 
new viral DNAs is readily apparent 
(Table 1); using BacPAKS DNA, a me- 
dian of 81% of the non-parental 
plaques are recombinant, for BacPAK6 
DNA the ratio is even higher at 95%, 
compared with 36% for the singly cut 
AcRP23-tocZ viral DNA. 

The majority of viruses produced 
from linearized AcRP23-/acZ DNA 
express neither the gene from the trans- 
fer vector nor the marker gene from the 
parental vims (Table 1). These plaques 
probably contain viruses with deletions 
in lacZ arising from unfaithful recircu- 
larization of the linearized viral DNA 
(4). This class of viruses is greatly re- 
duced when restricted BacPAK5 or 
BacPAK6 viral DNAs are used in the 
co-transfection providing evidence that 
the ORF1629 selection against non-re- 
combinant viruses is effective. 

The total yield of virus recovered 
from co-transfections using restricted 
BacPAKS or BacPAK6 DNA was very 
low; if our results were based on a few 
recombination events, the recombina- 
tion frequencies obtained could have 
been biased. To validate our results, we 
overlaid the cells with agarose 6 h after 
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transfection so that each transfected 
cell that produced virus would give rise 
to a focus of infection. Five days later, 
100-200 foci of infection were visible 
in each dish (data not shown). Each re- 
combination frequency we determine is 
therefore based on a pool of viruses 
produced from more than 100 inde- 
pendently transfected cells. 

DISCUSSION 

We had previously described how 
linearization of baculovirus DNA be- 
fore co-transfection with transfer vec- 
tors could be used to boost the propor- 
tion of progeny viruses that were 
recombinant to about 30% (4). In these 
experiments, the background of nonre- 
combinant viruses came from two 
sources: (i) viral DNA molecules that 
did not get cut by the restriction en- 
zyme [a small fraction of uncut DNA 
can lead to a significant background of 
nonrecombinant viruses because circu- 
lar viral DNA is 15-fold-150-fold 
more infectious than linear DNA (4)], 
and (ii) linearized viral DNA mol- 
ecules that recircularized inside the in- 
sect cell without recombining with a 
transfer vector. To eliminate the type 
(ii) background, two viruses were con- 
structed so that restriction of the viral 
DNA would separate part of the essen- 
tial gene downstream of the polyhedrin 
expression locus from the remainder of 
the viral genome. Even if the large 
fragment of viral DNA recircularized, 
the resulting virus genome would lack 
essential sequences and would not be 
able to generate viable viruses, 
whereas a double recombination be- 
tween the large fragment of viral DNA 
and homologous sequences on a trans- 
fer vector would generate a circular vi- 
ral genome with an intact copy of the 
essential gene that could produce vi- 
able viruses. We expected that the pres- 
ence of two or three restriction sites in 
the viral DNA would also reduce the 
type (i) background because the frac- 
tion of molecules that had not been cut 
at least once would be extremely small. 
One of our novel AcMNPV deriva- 
tives, BacPAK6, fulfills these expecta- 
tions; 85%-99% of the viruses ob- 
tained by co-transfecting restricted 
BacPAK6 viral DNA with DNA of a 
transfer vector expressed the gene from 



the transfer vector. 

The use of restricted BacPAK6 viral 
DNA to generate recombinant 
AcMNPV expression vectors yields a 
higher proportion of recombinant vi- 
ruses than existing methods. This sys- 
tem has the additional advantage of be- 
ing compatible with a wide range of 
existing vectors. The ORF1629 se- 
quences required to rescue restricted 
BacPAK6 viral DNA are present in 
most transfer vectors that are based on 
the polyhedrin locus, including vectors 
containing a secretion signal (17), vec- 
tors for producing two proteins simul- 
taneously (22-24) and vectors contain- 
ing alternative promoters (2). In 
contrast, other methods require the use 
of specially constructed transfer vec- 
tors, which are often cumbersome due 
to the presence of a reporter gene. 

The availability of a system that can 
generate recombinant baculovirus ex- 
pression vectors at frequencies of close 
to 100% should reduce the time taken 
to isolate recombinant viruses, facili- 
tate studies that involve the expression 
of large numbers of variant proteins 
and encourage more researchers to try 
this excellent expression system. 
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